Introduction
The scientific investigation and applied research on composite materials can date back to the 1940's (Schwaretz, 1997) with the advantages behind the development of metal matrix composites (MMCs) being the capability to combine phases providing a potential for tailoring material properties to meet specific and challenging requirements. Composites offer an approach for producing "designer" materials used to provide specific types of material behavior, such as their improved strength and stiffness (Ward et al, 1996) , outstanding corrosion resistance (Shimizu et al, 1995) , friction resistance (Akbulut et al, 1998) and wear resistance (Wang et al, 1996) , high electrical and thermal conductivity (Koráb et al, 2002) , and high temperature mechanical behavior (Tjong & Ma, 1997) . Currently, metal matrix composites can be classified by reinforcement component into fibers (continuous or discontinuous), whiskers, particulates, or wires. Theses reinforcements have been placed in matrices of aluminum, magnesium, copper, titanium, nickel, nickel-based superalloys, and various alloys of iron. However the aluminum matrix alloy composites are those that have become an industry standard because they offer the advantage of lower cost when compared to most other MMCs. Aluminum based composites also offer the added benefits of excellent thermal conductivity, high shear strength, excellent abrasion resistance, high-temperature operation, and the ability to be formed and treated on conventional equipment (Schwaretz, 1997) . Conventional metal matrix composites have been manufactured through several various processing methods. These processes can generally be categorized into four general groups: solid-state processes, liquid-state processes, deposition processes and in-situ processes. Solid-state and liquid-state processes are the two most widely used and developed methods (Everett & Arsenault, 1991) . Particulate composites reinforced with micron-sized particles of various materials are perhaps the most widely utilized composites in everyday materials. Particles are typically added to enhance the matrix elastic modulus and yield strength. By scaling the particle size down to the nanometer scale, it has been shown that novel material properties can be obtained (Thostenson et al, 2001) .
The nanocomposite materials, especially those using carbon nanotubes as reinforcement, have recently garnered great interest and tremendous growth from scientists and engineers in the research field (Salvetat-Delmotte & Rubio, 2002) . This spurt of interest in nanocomposites stems from the unprecedented flexibility and improvements in physical properties that may be attained by using building blocks with the dimensions in the nanoscale range. It may be possible to design and create new tailored composites by using nanosize building blocks of heterogeneous dispersed phases. Thus, the materials designed from them can be multifunctional because the constituents of a nanocomposite have different structures and compositions and therefore different properties. In many cases, the interesting range may be located near the transition where properties are changing from the molecular to bulk-like, a size range in which properties can be manipulated in a positive way in order to design a material for a particular application (Oelhafen & Schuller, 2005) .
It is true that nanometric sized particles help to achieve improved mechanical properties (Sahin & Acilar, 2003; Raming et al, 2004 and Lan et al, 2004) depending basically in the type of second phase nanomaterial and the dispersion strengthening due to the particle distribution and volume fraction variation. But currently much attention has been given to the possibilities of incorporating carbon nanotubes (CNTs) as the nano reinforcement in a matrix or as a second phase in two phase systems. This is not only due to the well known remarkable mechanical properties of CNTs but also in the belief that they may very well be the ultimate fiber reinforcement based on their high aspect ratio and defect-free structure. Application and innovations will take advantage of the special properties based on carbon nanotubes including electrical, mechanical, and other unique properties. The construction of composites with extraordinary properties will be related to the multifunctional materials that can be developed. Most investigators who are developing new composite materials with nanotubes work with nanotube concentrations below 10%wt due to limited availability of nanotubes. With continued developments in the synthesis and production of carbon nanotubes, new possibilities in the field of composite materials based on carbon nanotubes are emerging (Meyyappan, 2004) . Although much of the present research is in the area of polymer composites, efforts in metal and ceramic matrix composites are also of interest. Studies, especially in polymers, focus on dispersion, untangling, alignment, bonding, molecular distribution, and retention of nanotube properties. Carbon nanotubes are theoretically one of the strongest and stiffest materials with a calculated tensile strength of ~200 gigaPascal and modulus of more than 1-4 teraPascal for a single walled nanotube (SWNT) (Dresselhaus et al, 2001) . If the mechanical properties of SWNT could be effectively incorporated into a matrix, composites with lightweight, exceptional strength and stiffness can be achieved. It is expected that nanotube composites will be used as a replacement for existing materials where properties superior to conventional composites are achieved and to create materials for applications where composites traditionally have not been used before. Therefore, one of the most important outcomes from current nanocomposite research will be knowledge that is gained about preparing materials for the development of the nanocomposites in the future. The applications for nano-metal matrix composites (NMCs) are nanowires, lightweight structures, electronic materials for avionics, wear coatings, novel magnetic and super conducting systems and new multifunctional metals (Meyyappan, 2004 and Ajayan et al, 2003) .
In order to tailor these bulk nano-based (NMCs), actual approaches have used conventional powder metallurgy with adapted techniques (as ultrasonic mixing and wetting preparation), where matrices of aluminum, copper, magnesium and silver have been used. Benefits from this approach arise based in the process work temperature that is below the melting temperature of the metals (melting temperature for Al is 660C) (Ajayan et al, 2003) . Powder metallurgy routes using powders and in some cases extrusion have produced an Al metal matrix composite, copper electrodes, and macroscopic composite wires (where extrusion was used). However, the resultant NMCs has exhibited modest improvement of its properties as compared to those characteristic of traditional metal-matrix composites (MMCs) (Salvetat-Delmotte & Rubio, 2002) . Such performance can be mainly attributed to the tendency of the nanomaterials and specially the carbon nanotube (CNT) material to variously agglomerate and cluster. This leads to difficulties in the dispersion of the CNTs in the metal matrix, as well as poor wetting, or related interfacial phenomena and integrity issues. The results achieved by using high-intensity ultrasonic waves with strong microscale transient cavitations and acoustic streaming to successfully introduce, distribute and disperse nanoparticles into Mg alloy melts and Al matrices, thus making the production of cast high-performance nano-sized particles reinforced matrix composite promising (Rohatgi et al, 2008) . In order to take full advantage of the exceptional stiffness, strength and resilience of carbon nanotubes requires a uniform dispersion of CNTs in the metal matrix. This dispersion will ensure a strong interface bonding between the CNTs and the surrounding matrix which provides effective stress transfer, as well as avoids intra-tube sliding between concentric walls within MWCNTs and intra-bundles sliding within SWCNT ropes. Efforts are in progress to overcome these difficulties. Recently, Zhong et al also studied nanocrystalline Al matrix reinforced with SWCNTs that were successfully fabricated by cold-consolidation and hot consolidation (Zhong et al, 2003) . Their procedure of mixing nano-Al particles and SWNTs results in a homogeneous dispersion of SWNTs and shows that the ultrasonic energy could overcome the van der Waals force between SWNT bundles and between nano-Al particles. From this work one can infer that when used as the matrix of composites, nano-materials can be more compatible with CNTs than traditional matrices of metal, ceramic matrix, and polymer. The reported hardness of the SWNT/nano-Al composites reached a peak value of 2.89 GPa, which shows that SWNTs are a promising reinforcement for some matrices.
Conventional process seems to inhibit the diffusion of CNTs across and along the matrix grain surfaces. Sintering cannot proceed without damaging the CNTs or removing them from the liquid state matrix or if the diffusion is achieved CNTs are mostly located at grain boundaries of the matrix and are insignificant in improving material performance (Cha et al, 2005) . The most important processing issue is the interfacial strength between the CNTs and the matrix. In the case of successful CNT/polymer nanocomposites, the interfacial strength between the CNTs and the polymer matrix is strong because they interact at the molecular level. In the case of CNT/metal nanocomposites, however, the interfacial strength cannot be expected to be high because the CNTs and the matrix are merely blended. In their research, Cha et al (2005) uses a novel molecular mixing approach in order to produce a metal/CNT composite rather than a two-phase system. As result, it was reported that CNTs are shown not merely lying at grain boundaries but diffusing across grain boundaries. Some work as been done on one-dimensional nanoscale composites prepared by coating the carbon nanotubes, by electroless plating, with other materials such as Co and Ni (Chen et al, 2000 and 2003) . Such studies address in part the problem of interfacial adhesion between the nanotubes and the metal matrix; it is thought that high strength adhesion between nanotubes and the metal matrix can be achieved by coating the nanotubes with metallic material. Probst (2005) et al states the possibility that carbon nanotubes may not be used as a reinforcement phase without prior treatment. Probst reports that CNTs can be wetted only by liquids, or by molten metals with low surface tension at a cut-off limit lying between 100 and 200 mN/m (Jordan J. L. et al, 2001) . This explains why most metals such as aluminum (surface tension of 865 mN/m), copper (1270 mN/m) or iron (1700 mN/m) are not able to wet the surface of nanotubes and achieve high interfacial adhesion. In their work, Lijie et al focuses on the interfacial reaction between CNTs and aluminum in Al/CNT composite films that were fabricated by sputtering pure Al on the surface of aligned multi-walled CNT arrays (Lijie et al, 2006) . After heat treating, annealed samples show that, at various temperatures, aluminum carbide (Al 4 C 3 ) was formed at the interface between the Al and CNT layers at defect sites and at open ends of CNTs. More recently novel approaches and fabrication processes have been reported. Bakshi et al (2008) successfully synthesized aluminum composites reinforced with CNTs by cold spraying of a blended powder. They reported an elastic modulus ranging between 40-120 GPa and attributed such variation mainly to the exhibited porosity and the agglomeration of CNTs. Laha et al (2009) used plasma spray forming (PSF) to fabricate Al-Si/MWCNTs composites measuring up to a 78% increase in the elastic modulus of the composite; also attributing such variation to the composite's porosity and the CNTs agglomerations. Lim et al (2009) also reported the production of aluminum alloy reinforced with multi-walled carbon nanotubes composite by using a friction stir processing where images and conclusions show the agglomeration of CNTs.
Two phase systems
Therefore the fabrication of two phase systems (TPS) that involves the incorporation of a second phase or reinforcer; such as particles, platelets, whiskers and fibers, to a continuous phase are differentiated primarily by the interaction between the grains (aluminum grains in this study) and the nanoparticles (carbon nanotube aggregate mixture for this study). The differences between the systems that involve more than one phase are related, in general, to the fabrication process either in the solid or liquid phases, therefore it is necessary to define a TPS as opposed to a MMC. According to Torquato (2002), a TPS is a heterogeneous material composed of domains of different materials (phases) such as composites or the same material in different states such as a polycrystal. Kennedy et al (2001) considers a twophase system as a system where the continuous phase network (large grains) is surrounded by the second phase and the phases are interdispersed and uniformly inter-twinned with each other. This definition better expresses the concept of a TPS as used in this chapter. While a continuous phase is described for both; the difference should lie in the effectiveness of traditionally known strengthening mechanisms. The two-phase system has a different set of properties and microstructures when compared to the MMC. TPSs and MMCs can now be related to their fabrication processes: MMCs are those fabricated by liquid stage processes such as mixing the matrix grains and the particle grains by using ultrasonic dispersion, mechanical stirring and others. TPS are considered as resultant of the use of solid state processes as powder metallurgy (P/M), high temperature synthesis (SHS), mechanical mixing (MM), hot pressing (HP) and shock wave compaction (SWC) (Kennedy et al, 2001) . In this case surface phenomena tend to dominate fine powders, primarily due to their high surface-to-volume ratio and in such cases van der Waals, electrostatic, and surface tension forces often have dominating effects on properties. Handling these particles is extremely difficult, and high aspect ratios (as in fine whiskers and SWCNT) further complicate the handling problem. There are cases when systems using CNTs were fabricated and reported in the literature as MMCs. In these cases the agglomeration of CNT aggregate in the nanometric regime is much larger than the molecular dimensions, so that the agglomerate may posses' properties in the macroscopic level. These MMCs may be classified as heterogeneous two phase or two component systems with heterogeneous materials ranging from dispersions with varying degrees of clustering to complex interpenetrating connected multiphases. An example of a two phase system is described by Kim et al. where the microstructure of CNT/Cu nanocomposites show that the carbon nanotubes are not homogeneously distributed in Cu matrix, but the carbon nanotubes are densely distributed in localized regions (Kim et al., 2006) . The microstructure of CNT/Cu nanocomposites consists of two regions including a CNT/Cu composite region, where most CNTs are distributed, and a CNT free Cu matrix region (continuous phase). Ajayan et al (2003) consider that the relationship between particles and grains can be divided in four grain/particle types shown in Figure 1 . The first to appear is the intragranular type of interaction. This intra-type system is often addressed as the pure MMC, which results from the inclusion of the nanoparticles or CNT (for our purposes) in the grains usually during a liquid state process. For this system the grains form a matrix in which the CNTs or reinforcers are included, i. e. CNTs affect the matrix by generating internal dislocations which increase the tensile and hardness properties. The inter-type interaction shown in Figure 1 consists of the CNTs sitting along the grain boundaries of the continuous phase affecting the grain to grain bonding of the system. In this intergranular type system the grain/CNT relationship remains constant with the grains remaining without inclusions. This system is based in the volume fraction of the reinforcement with the addition of CNTs reaching a saturation point. An independent phase forms after the saturation point of the CNTs which agglomerate and form at the grain boundaries of the continuous phase. The resultant system from the interaction of the particle agglomerations and the grains can be address as a two-phase system. A combination of previously mentioned systems (inter-intra type) is also shown in Figure 1 ; the microstructural representation of the combination system of intragranular and intergranular usually results from the fabrication by stir casting processes which can be considered an imperfect MMC. Examples of this kind of systems have been achieved by means of traditional P/M processes where attempts to fabricate CNT/metal composites with homogeneously dispersed CNTs have been attained. Resultant systems show strong interaction of CNTs in powder form (due to Van der Waals forces) and CNTs agglomerate rather than homogenously disperse. In general, if the CNT/metal nanocomposites are manufactured by conventional processes (liquid or solid); most of the CNTs are located on the surfaces of the metal particles as agglomerates and dispersed forms. Finally, a nano/nano type system is represented in Figure 1 , such system is what is hoped to be achieved in a true nano-scale two-phase system where either the nanoparticles (or CNTs) and the principal phase lie in the nanoregime. Still, the ideal metal/CNTs composite does not fit the previous descriptions and has not yet been achieved by experimental processes but the Figure 2 schematic represents a proposed case for a metal/nanotube composites.
Here CNTs are shown not merely lying at grain boundaries agglomerating or immersed in the matrix grain, but nanotubes are shown diffusing across grain boundaries in an ideal fashion. 
Shockwave consolidation of powders
In an extensive report, Meyers et al (2006) reviewed and summarized the literature on the mechanical properties of nanocrystalline materials. The report defines the most important synthesis methods for powder densification (including SWC) and a number of aspects of mechanical behavior showing the potential benefits and drawbacks in the fabrication of nanocomposites. While there have been several recent examples of carbon nanotube/metal composite systems fabrication (Rao et al, 2006 and Kowbel, 2005) utilizing conventional powder metallurgy (P/M) routes, there has been no evidence of any significant improvement in properties that characterize traditional MMCs (Lan et al, 2004 and Yang et al, 2004) . This is due in part to the CNT material agglomerating, and the difficulty to disperse the CNTs in the metal matrix as a consequence of poor wetting, related interfacial phenomena, or integrity issues. Also of concern is high temperature exposure required by the processing of composites by the conventional mechanical stirring, ultrasonic dispersion and powder metallurgy.
As a method to avoid the formation of intermetallic compounds and where the grain size is to be preserved, an alternative way to consolidate composites is by dynamic compaction (or SWC) (SivaKumar et al, 2001) . The densification of powders by shock waves has gained revived interest as a technique for the consolidation of TPS, amorphous and nano-crystalline powders, e.g. for magnetic applications. This revised interest stems in part because TPS's are systems where microstructural and mechanical properties depend on the connectivity between a continuous-phase surrounded by an interdispersed second-phase, and also because the SWC process has a very high 'dynamic' energy rate and the energy is mainly deposited on the grain boundaries thus bulk heating is very much limited. Moreover, SWC characteristics make it even more suitable for the densification of composites of otherwise incompatible materials, such as polymeric and ceramic powders, which may lead to some distinct industrial applications (Yang et al, 2004) . As an example, the full densification of metallic-ceramic mixtures of Al (30% volume fraction) and B4C has been reported, where the major drawback of this technique is the occurrence of cracks, which can be avoided when the starting materials show some plastic behavior.
For the purposes of this chapter SWC is reviewed in extend because of its possibility as an alternative for the densification and synthesis of nano-sized composites (Withers, 2005) , and similarly, to consolidate nano-two-phase systems (Wang X. et al, 2004) . Prummer (2001) has reviewed SWC from its origins, which now spans more than four decades. Over this time, shock-wave consolidation has been used for the densification and synthesis of ceramic compounds based on powder mixing (Dorst et al, 1997 and Jordan & Thadani, 2001) , and similarly, to consolidate two-phase systems (Kennedy et al, 2001) . This consolidation process has been shown to be a suitable option to produce 100% dense nanocrystalline Al2O3 (Torralba et al, 2003) , along with a variety of ceramics and other nano-materials. SWC has also proven to be effective in the synthesis of materials (diamond for example) (Yang et al, 2004; Wang L et al, 2004; and Sherif El-Eskandarany, 1998 ). In addition to the different benefits of SWC introduced above, SWC is the technique lending itself best to industrial production. The costs are low therefore the process lends itself to scale up without major problems. Since the 50s many reports have been presented (Rice et al, 1958; Kimura, 1963 and Kawala et al, 1974) and recently have been published on shock consolidation of www.intechopen.com powders (Prummer & Ziegler, 1985; Thadani, 1988; Glade et al, 1995) . However, publications on the explosive compaction of CNT aggregate material are limited and there is very little information available on processing of metal-matrix nanocomposites by explosive compaction. Salas et al (2007) have employed SWC as an approach to creating a two-phase monolith from mixtures of varying volume fractions of multiwalled carbon nanotube (MWCNT) aggregates with micron-size (~150 μm) aluminum powder. These two-phase systems were of special interest because the MWCNT aggregates were obtained from asmanufactured mixtures of tubes and various sizes of multi-concentric fullerenes (with diameters ranging from ~2 to 40 nm) it was not clear whether these aggregates could themselves be consolidated into a contiguous phase region, and whether this regime would be bonded, monolithically, to the consolidated aluminum particle regime.
SWC process
During SWC the densification of the powders is accomplished by the passage of a strong shock wave generated upon the impact of a flyer plate onto the green compact (target powder). Shock pressures of 3-15 GPa or higher are commonly used and a typical shock rise time is of the order of 100 ns during which the densification process is complete (Kennedy et al, 2001) . The physical phenomena of such a dynamic consolidation process at the particle level are very complex and remain poorly understood. Fig. 3 . Schematic view of a TPS shock-consolidation process to illustrate the shock-wave effect in the powder material grains.
However, as shown in Figure 3 and explained by Tong et al (1995) , during shock-wave densification, energy is mainly deposited near the particle surfaces and the resulting heating produces softening and even melting of the particle surfaces that solidify rapidly via heat conduction into the interior of the particles before release of shock pressure. First the reduction of pores takes place through the sliding and rearrangement of particles. Then, the densification takes place by surface plastic deformation (at particle contacts) over small areas where initially free surfaces become areas of contact and the localized energy deposition at interparticle surfaces has been attributed to local plastic deformation and some frictional sliding that contributes largely to the particle-particle bonding (Tong et al, 1995) as provide higher pressures than explosives in direct contact with the material (Meyers and Wang, 1988) . Here the densification of the powders is accomplished by the passage of a strong shock wave pressures generated upon the impact of a flyer onto the green compact (or packed powder) (Tong et al, 1995) . Many reports on successful consolidation of different powder mixtures by using this set up can be recalled: Ti/SiCp (Tong et al, 1995) , Al-SiC (SivaKumar et al, 2001) , Al-Li-X alloys (Murr, 1998) , carbon fiber aluminum composites (Raghundan et al, 2003) , Mo-Si powder mixtures (Vandersall and Thadani, 2001 ) and the synthesis of diamond from fullerenes (Epanchintsev et al, 1997) . Common tube configurations use single and double tube setups (Stuivinga et al, 1999) . Single tube configuration is a simple design, where the green compacted powders are placed in a thin walled metal container (or pipe) encapsulated by the use of solid metal end plugs (see Figure 5 ) filled with the chosen explosive material and an electrical activated detonation, a fast explosive layer, is initiated at the top of the set up. (SivaKumar et al, 1996) , for dual phase nanocomposite systems of Y 2 O 3 -doped with ZrO 2 and RuO 2 (Raming et al, 2004) and more recently Al-Pb nanocomposites (Csanady et al, 2006) and nanocrystalline alumina powder (Weimar & Prummer, 2001) . The double tube set up is, conceptually, analogous to the use of a flyer plate to generate high pressures in plane-wave assemblies (Meyers and Wang, 1988) . The basic difference with the conventional explosive consolidation systems is that a flyer tube is placed co-axially with the container tube. The experimental setup consists of two coaxial tubes, the external one being accelerated inwards and impacting the internal tube, that contains the powder. The basic experimental set-up is similar to the described single tube set up. The explosive is placed in the cylinder, at the center of which is the assembly containing the powder (Murr, 1998) . The explosive charge is detonated at the top; a detonation sheet (detasheet) booster is used to create a more uniform detonation front. This approach ensures high shock pressures while retaining a low detonation velocity which minimizes cracking and Mach stem formation. An improvement was made by Meyers and Wang (1988) proposing a variation in the central axis of the container by placing a solid rod. Substantial improvements in the quality of consolidates was obtained by using this technique, where the pressures generated in the powder are several times higher than the one for the singletube geometry, for the same quantity and type of explosive. There has been reported significant improvement in consolidation quality of nickel-based superalloys, titanium alloys, Al-Li alloys (Kennedy et al, 2001; Kim et al, 2006) . There are reports on the consolidation of superconducting YBCO (Mamalis et al, 2001 ), the consolidation of synthetic diamond (Deribas et al, 2001) , the synthesis of intermetallic compounds such as TiAl (Prummer and Kochsier, 2001) and the densification of B4C (Stuivinga et al, 1996) for example.
Al/CNT Two-Phase Systems Fabrication
The characterization of Al/2%CNT and Al/5%CNTs systems based on a previous report (Salas et al, 2007) is shown here in order to describe the fabrication of TPS by using CNTs and SWC to consolidate materials. Irregular (spherical) and small aggregates of aluminum powder, with an average primary particle size of ~150 m, served as a base phase to which commercial aggregates of multiwalled carbon nanotubes and other assorted multiconcentric fullerenes were added in two different volume fractions (2 and 5%) for mixtures that were mechanically mixed. The CNTs percentage is decided upon from previous studies which indicate percentages of 10% and above result in a significant decrease in measured mechanical properties (Xu et al, 1999 and Feng et al, 2005) while percentages below 5% have been used in previous studies by different fabrication methods with several reported increases in mechanical properties. These mixtures, along with the pure aluminum base powder, were placed in 3.2 cm inside diameter steel tubes with one end containing a welded plug, as previously shown in Figure 5 . The aluminum powder was first added to the tube and filled to accommodate a very close fitting steel mandrel which was inserted into the tube with a 4536 kg force to produce a green compact of ~70% density for a 5.08 cm aluminum test cylinder. To this initial compacted aluminum base powder the MWCNT aggregate powder/aluminum powder mixtures were added to a calculated height to produce a 5.08 cm test cylinder when compacted to ~70% density. These Al/2 and 5% MWCNT were alternated along with the pure aluminum powder base as compacted ~75% www.intechopen.com and other two-phase powder mixtures to create a series of 6 compacted-powder sections within the steel tube. The open end was then sealed with a welded steel plug and this steelenclosed assembly was then inserted into a wooden base and surrounded by a 15.25 cm diameter PVC tube 7.6 cm taller than the steel test cylinder, also shown in Figure 5 . This PVC container was filled with ammonium nitrate-fuel oil (ANFO) and a thin sheet of detasheet with a central detonator added to the top of the ANFO-filled PVC tube to initiate the reaction. The reaction is given by P=(ρ o D 2 )/2
(1)
using an ANFO density (ρ o ) of ~1.2 g/cc and detonation velocity (D) ~3500 m/s the initial pressure was calculated (as described by Meyers and Wang, 1988) to be ~7 GPa. These arrangements or assemblies were placed on sand bags, which allowed the explosively consolidated steel tubes to be easily retrieved from the ground after detonation on the facilities of the New Mexico Tech EMRTC (Energetic Materials Research & Testing Center) installations. The recovered TPS characterization was performed on machined sections from the compacted recovery tubes. To help preserve the integrity of the microstructure of the materials a wire electric discharge machining (WEDM) was employed to cut segments for the preparation of light microscopy, SEM, (and FESEM), TEM, and hardness testing. The WEDM used is a 5 movement axis RoboFil 310 wire-electrical discharge machine (Charmilles Technologies) with a CuZn25 electrode wire in a diameter of 0.25 mm that proves to be a reliable technology for the purpose of cutting test specimens and samples. Along with the sections that contained the carbon nanotubes second phase, the consolidated aluminum was of interest as reference or control sample. Sections to be used for light metallography and SEM imaging were first ground using grit papers from 400 grit SiC down to 1200 grit SiC (using an Ecomet 6-Buehler variable speed grinder-polisher at 200 rpm), and then polished using a non-crystallizing colloidal silica suspension to a 1 micron finish, with a soap and water mixture (1:200) as the primary lubricant. For etching, a variation of Keller's reagent was used with a composition of 100 mL of water, 6 mL of nitric acid, 6 mL of hydrochloric acid, and 6 mL of hydrofluoric acid. The imaging was performed in a Reichert MEF4 A/M (Leica, Corp) light microscope and the same samples were used for SEM and field-emission SEM (FESEM, Hitachi S-4800) imaging. The TEM specimens were prepared from machined sections of the Al/MWCNT systems along with the aluminum monolith that were reduced by grinding to a thickness less than 0.5 mm, then 3 mm discs were punched from these thin-slice sections which were perpendicular to the compaction tube vertical directions ( Figure 5 ). Electropolishing was done with a Tenupol-5 dual jet electropolisher using an electrolyte with a composition of 250 mL of nitric acid and 850 mL of methanol at -15°C. TEM imaging was performed using a Hitachi H-8000 analytical transmission electron microscope operating at 200 kV accelerating potential. An INSTRON Rockwell hardness tester, 2000 series was used to take Rockwell (E-scale) hardness reading profiles of the obtained systems, and the consolidated aluminum, for comparison. Vickers hardness measurements were also made using a Shimadzu microhardness tester employing a 25gf (0.25 N) load. Micro-tensile testing was performed using samples cut parallel to the consolidation axis and proportional to 60% of the D-638, type V ASTM standard specifications (with a gauge length of 9 mm) and an INSTRON tensile tester, (5866 series) at 0.21 mm/s. The initial materials were characterized prior to compaction and consolidation. evidenced by the absence of voids in the microstructure especially at triple grain points. This is confirmed by the achieved density of ~98% (by Archimedean method), which is consistent with a SWC process 
Hardness measurements
Characteristics of optimum explosive compaction strengthening include a marked increase in hardness that is mostly uniform over the cross section of the consolidated materials. As described later, the formation of agglomerates along with their distribution in the continuous phase and their size difference as compared to the continuous phase aluminum grains is expected to result in hardness variations between the consolidated systems. However the increase in hardness is mainly associated with the SWC of the aluminum continuous phase. In contrast to the initial Al powder Vickers hardness of HV 24 (HRE 22, by conversion), the explosively consolidated aluminum samples exhibit a hardness of HV 43 (HRE 40), which represents a 79% increase in hardness. The average hardness contribution from the two-phase regions (characteristic of Rockwell E scale) exhibits the ability of aluminum to shock-harden as illustrated in the TEM images of Figure 10 , where it is shown the shock-induced dislocation substructures along with dynamically recrystallized regimes.
There was a decrease in hardness associated with SWC of the two-phase systems as compared to the SWC of the aluminum. The Al/2%MWCNT sample had a hardness decrease to HRE 39. Increasing the volume fraction of CNT aggregates further to Al/5%MWCNT significantly lowered the hardness reading to HRE 33. This represents a decrease of ~18% from the consolidated aluminum (HRE 40). This trend in hardness reduction is consistent with Feng et al (2005), who concluded that the agglomeration of carbon nanotubes at an increasing volume fraction leads to a decrease in hardness and will eventually lead to failure under an applied load (decrease in yield strength). Feng et al (2005) also describes two weaknesses that can be found in an Al/MWCNT system: weak bonding of the agglomerate to the Al phase and also a weak bonding between the nanotube materials. It is this weak bonding that causes such a decrease in hardness. Consolidated aluminum samples showed a 0.2% offset yield for the Al of 120 MPa with a UTS of 140 MPa and an elongation of 6.6%. When comparing this data to the nominal Al-1100 data (for 1.6 mm samples) (ASM Handbook, 1990) there is an increase of ~28% in strength and a 45% reduction in the Al-base plasticity (from 110 MPa and 12% respectively). The Al/2%MWCNT aggregate TPS failed at an elongation of ~2% which is somewhat commensurate with results for two-phase Al-A356/20% fly ash (volume) where elongation was observed to be between 1 and 2% (Withers, 2005). rostructure of a ate region and an glomerate at the also shows larg two-phase system of compaction ach videnced by the a mages in Figure 1 ndaries and are n bon nanotube ma e. Figure 11b sho gate particles and r the aluminum d plastic flow r mixture into the a by Figure 8b 
Lamellae structures
CNT phase agglomerations can exhibit two types of structures: entangled clusters (described later) and laminar type arrangements (lamellae structures). This interesting laminar feature is shown in Figure 12 where the SEM view ( Figure 12a ) of a polished surface section (of an Al/2%MWCNT system) exhibits the laminated flow marked by the gaps separating the consolidated regions. The bonding between the MWCNT aggregate phase and the Al appears to be optimum at the arrow. To download this full book, simply select the format you desire below
